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Introduction
Alzheimer's disease (AD) has a complex genetic architecture with rare, highly penetrant, mutations in the amyloid precursor protein (APP), presenilin-1 (PSEN1) and presenilin-2 (PSEN2) genes, ~30 common low risk genetic loci 1 and the Ɛ4 allele of APOE which has an intermediate frequency in the population and imparts intermediate risk for disease. Identifying additional genetic variants with frequencies and effects similar and lower to the ones conferred by APOE has been exceedingly difficult given the need for extremely large cohorts of cases and controls. However, these variants have the potential to add significantly to our understanding of the biology of the disease process. Whole genome analyses led to the identification of a rare variant in TREM2 -a gene that encodes a receptor expressed in myeloid cells that mediates inflammatory responses (panel)imparting a risk for AD similar to that conferred by one copy of the APOE Ɛ4 allele (increasing risk for AD by approximately 3-fold) 2, 3 . The importance of TREM2 in brain function is also highlighted by the fact that rare, biallelic mutations in the gene cause polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL, also known as Nasu-Hakola disease) 4 and, in some cases, frontotemporal dementia (FTD) 5 . Understanding the biological functions of TREM2 in the brain is essential for the identification of potential therapeutic targets and, possibly, new candidate genes 6 . In this Review, we discuss the reported genetic associations of TREM2 with neurodegenerative diseases, as well as the effects of these variants on pathology, clinical presentation, and underlying biology. We cover AD, PLOSL, and FTD, with an emphasis on AD, as it is the most common neurological disease associated with TREM2, and many advances in understanding TREM2's role in the brain have been made in AD. Specifically, we assess the evidence for the association of identified TREM2 variants with AD risk, summarise genotype-phenotype correlations, evaluate the potential use of soluble TREM2 (sTREM2) as a CSF biomarker, and summarise the biological effects of loss of TREM2 function. We underscore the importance of integrating multi-disciplinary findings related to TREM2 and introduce an on-line resource at Alzforum that aggregates existing and emerging results pertaining to neurological disease. TREM2 in Alzheimer's disease TREM2 variants and AD risk So far, a total of 63 coding genetic variants have been identified in TREM2 with varying frequencies in the general population. One of these, a rare variant (p.R47H, rs75932628) has been found to increase the risk of developing AD by 2 to 3-fold in several European and North-American populations 2, 3, [7] [8] [9] [10] . A significant association with AD between a proxy of rs75932628 and AD was also found in black patients 11 . However, in Chinese cohorts, p.R47H was not detected in patients with late-onset AD or healthy controls [12] [13] [14] [15] and no association between TREM2 variants and AD risk was found in Japanese 16 , Korean 17 or Iranian 18 cohorts, which suggests that effect of TREM2 is population-specific.
Studies in family based datasets found a weak but significant association between p.R47H and AD risk 19, 20 . In a study 21 of 130 families with late-onset AD, TREM2 p.R47H was found in 4 families (3%, a value 10 times higher than that in the general population) and in a large family with late-onset AD, 12 patients (75%) with AD were found to carry the p.R47H allele, with vertical transmission of the disease observed only through p.R47H carriers. Other TREM2 variants have also been tested for association with AD risk (appendix, for an up to date interactive representation of mutations in TREM2 see https://www.alzforum.org/mutations) with only p.R62H showing genome-wide association levels of significance 7 and shown to be independent of the p.R47H association 8 . Two studies of Chinese cohorts revealed two novel variants p.A130V 14 and p.A192T 22 exclusively in patients with late-onset AD. The variants p.H157Y and p.S183C were more frequent in Chinese patients with AD, with p.H157Y being significantly associated with increased risk for late-onset AD 22 , contrary to what had been found in Caucasian cohorts. Subsequent functional studies have added evidence to the involvement of this variant in AD by identifying amino acid 157 as the site of protein shedding with p.H157Y accelerating the cleavage process and resulting in less fulllength protein on microglia 23, 24 . In the African American population only the variants p.W191X and p.L211P showed suggestive associations with risk for late-onset AD 25 . The identification of different variants associated with risk for AD in the Chinese and African Americans shows the importance of studying the association of rare variants with disease in different populations, as mutations occur at different rates across different populations, leading to differences in the spectrum of segregating polymorphisms. In addition to TREM2 variants, other changes located in the TREM gene cluster have been reported to be associated with AD risk or to regulate TREM genes expression. An intergenic SNP located 5.5Kb downstream from TREML2 and 24 Kb upstream from TREM2 (rs9381040) was shown to act as a protective allele for AD 26 . Similarly, a TREML2 missense variant (p.S144G, rs3747742) was also found to reduce the risk for AD 27 . The association of these two variants appears to be independent of p.R47H 27 . An association with reduced risk of AD was reported for rs9357347, located within a DNase hypersensitive site between TREM2 and TREML2 28 . This variant is in linkage disequilibrium with rs9381040 and the authors considered rs9357347 as a regulatory and functional variant, since it was also associated with increased TREML1 and TREM2 mRNA levels 28 . Having variants that are robustly associated with AD and have appreciable effect sizes opens the possibility to genetic risk prediction, particularly when vertical transmission has been observed. However, the effect sizes of these variants are too low to allow risk prediction. Although the p.R47H variant has an odds ratio that is comparable to one copy of the Ɛ4 allele in APOE-on its own, is not helpful in clinical risk prediction. Additionally, given the rarity of these variants it is unlikely they will have an impact on risk prediction at the population level, but it may be useful to include TREM2 variants in polygenic risk predictions for AD in a small subset of cases. None of these variants are disease-causing and, with the exception of p.R47H and p.R62H, all other associations still need to be independently replicated by large cohort studies.
Genotype-phenotype correlation
Several studies have tried to correlate the presence of TREM2 variants with AD-related phenotypes, but so far too few carriers have been studied to reach definite conclusions. In general, patients with AD carrying TREM2 variants show similar clinical, neuroimaging and neuropathology features to those seen in sporadic cases 2, 21, 29 . In a clinic-based dataset of 563 patients with AD, 12 were carriers of p.R47H and have been reported to have lower age at onset when compared to 551 non-carrier patients with AD (mean: 55.2 years vs. 61.7 years), respectively 29 . In fact, most of these 12 carriers of p.R47H had an age at onset below 65 years, with 4 below 50 years and no other known genetic risk variants. These results are consistent with those reported for the Icelandic and Dutch populations in whom the presence of the risk allele led to an age at onset of AD that was lower by 3.18 and 3.65 years than in non-carriers of the variant, respectively 21 . However, in five families with lateonset AD, when comparing the age of onset of p.R47H carriers (n=16) with non-carriers (n=18), the mean did not differ between groups. In these same families, disease duration was significantly shorter in carriers than in non-carriers 21 . In a cohort of asymptomatic middle-aged adults, p.R47H carriers had a higher probability of having a parental history of AD, with a younger maternal age of AD onset; while no differences were observed in cognitive function or rate of decline 37 . However, in the Icelandic population, non-demented carriers with ages between 80 and 100 years exhibited poorer cognitive function than non-carriers of p.R47H 3 . The presence of TREM2 p.R47H showed no association with psychosis, amyloid deposition in the brain, or family history 9, 30 . Higher density of Aβ plaques and neurofibrillary tangles 31 and more frequent α-synucleinopathy 21 have also been observed in patients with TREM2 p.R47H. In a Spanish cohort, AD carriers of p.R47H showed apraxia, psychiatric symptoms such as personality changes, anxiety, paranoia or fears and parkinsonian signs more frequently than AD non-carriers, particularly during the first 2 years after disease onset 32 . Higher frontobasal gray matter cortical loss was also reported in p.R47H carriers in this cohort, which could be speculatively related to the FTD phenotype associated with some TREM2 variants 32 . Patients with TREM2 p.R47H were also found to have significantly higher levels of total tau and phosphorylated tau (p-tau) in CSF, whereas Aβ42 levels were comparable to expected concentrations for the stage of disease 33, 34 . When compared to non-carrier controls, AD patients carriers of p.R47H were also found to have higher CSF sTREM2 levels 35 . In the same study p.R62H showed no difference to controls but other TREM2 variants were found to be associated with lower levels of CSF sTREM2 with the lowest levels identified in carriers of heterozygous PLOSL-causing variants 35 . By studying TREM2 rs9394721 (a proxy for p.R47H) in the Alzheimer's Disease Neuroimaging Initiative cohort, it was found that variant carriers annually lost 1.4% to 3.3% more of their brain tissue than non-carriers, in a pattern that mirrored the profile of AD in the brain. 42 The risk allele was also found to be significantly associated with smaller hippocampal volumes, elevated levels of the CSF p-tau, and poorer cognitive performance compared to non-carriers 36 . Given that leukoaraiosis is commonly seen in patients with PLOSL it is interesting to note that no significant changes in white matter have been described for AD patients with TREM2 variants 32 . No differences between carriers and non-carriers of p.R47H have been seen when using the Scheltens scale (semi-quantitative visual rating scale used to measure the presence of hyperintense white matter lesions in MRI) or when looking specifically for clusters of white matter hyperintensities 32 . Similarly, neuropathology assessment of brain tissue from AD carriers of TREM2 variants showed white matter abnormalities within what would be expected for typical AD 2 . Variants located in the TREM locus have also been associated with AD-related phenotypes. For example, TREML2 variants p.S144G and rs6916710, and the intergenic variant rs6922617 were found to be associated with CSF p-tau levels 27, 34 . The TREM1 intronic variant rs6910730 was found to increase the burden of neuritic and diffuse plaques, as well as of Aβ density, while rs7759295 was associated with increased tau tangle density and increased burden of neurofibrillary tangles 38 . Both variants were associated with an increased rate of cognitive decline 38 . It is plausible that many, or even all, of the variants reported with correlations with AD-associated phenotypes, may be in linkage disequilibrium with the functional variant and consequently may reflect indirect associations. Larger cohorts and replication studies are required to enable robust genotype-phenotype correlations. The available data suggest that AD patients carriers of TREM2 variants are similar to typical patients with AD with an initial amnesic syndrome, but perhaps presenting earlier age at onset and faster loss of brain tissue (particularly in frontobasal cortical regions) which is possibly associated with a more rapid progression into multidomain dementia. Although these findings do not have, as of yet, a direct impact in clinical practice, identifying carriers of TREM2 variants may be important in patient stratification for clinical trials and future individualised therapeutic approaches. sTREM2 as a CSF biomarker sTREM2 is released to the extracellular space after proteolytic cleavage and can be detected in human plasma and CSF in both healthy and AD subjects 39 . Even though the physiological and disease-associated functions of sTREM2 are unknown, this form of the protein has been suggested to have protective effects on microglial cell viability 40 . Additionally, AD-risk associated variants were shown to reduce the overall capacity of sTREM2 to enhance cell viability and to trigger inflammatory responses in microglia 40 . Although the physiological relevance of these results is not clear, it is interesting to consider that sTREM2 may act independently, and possibly with opposing roles, to the full-length protein in the regulation of inflammatory responses. Although the initial studies 39,41 examining the differences in CSF sTREM2 levels between patients with AD and healthy individuals did not show any differences 39 or showed reduced levels in patients with AD compared to healthy controls 41 , subsequent studies have consistently found higher levels of CSF sTREM2 in patients with AD compared to healthy controls 35, 42, 43 . These apparently contradictory findings may stem from differences in the assays used or from the focus on different stages of disease progression. CSF sTREM2 levels change during disease progression with a peak at the clinical MCI stage of AD 43 . In a cross-sectional study 44 of individuals enrolled in the Dominantly Inherited Alzheimer's Network, carriers of PSEN1, PSEN2, or APP AD-causative mutations were found to have elevated levels of CSF sTREM2 compared with non-carriers; this difference became apparent five years before the expected onset of symptoms in the mutation carriers and remained significant until five years after expected onset. In this cohort, elevations in CSF sTREM2 followed brain amyloidosis and elevations of CSF tau, and were concurrent with the presence of cerebral hypometabolism and hippocampal atrophy 44 . Other studies revealed that levels of CSF sTREM2 positively correlate with levels of CSF p-tau and total-tau, 35,39,42,43 but not with CSF Aβ42 35,42 . These findings suggest a dynamic response of sTREM2 during the disease process, that may reflect an association between microglial activity and the first signs of degeneration 43, 44, 45 . Despite the significant association between CSF sTREM2 levels and AD at the group level, CSF sTREM2 only achieves a discriminative power of around 60%, which is lower than the 80-90% required to be useful in clinical diagnostic procedures 46 . Nonetheless, if CSF sTREM2 levels are reproducibly associated with the onset of cognitive decline,CSF sTREM2 could provide an independent measure of disease stage, marking the transition from preclinical AD to dementia, and could be useful for clinical trials.
TREM2 mechanisms in AD
The identification of TREM2 variants as risk modifiers for AD stimulated research into the pathobiological mechanisms mediated by this microglial receptor. Neuropathology in patients with AD and animal models, coupled with in vitro studies of the biochemical and cell biological effects of TREM2 variants, indicate that AD-associated risk variants cause partial loss of function of the protein.
As the resident immune cells of the brain, microglia continuously survey the brain to respond to foreign invaders, while providing trophic support for neurons and phagocytosing cellular debris 47 . Microglia surround amyloid plaques in the brains of patients with AD and of animal models of amyloidosis, and it has been suggested that these microglia form a physical barrier that encapsulates neurotoxic amyloid-β 48, 49 . Fewer plaque-associated microglia were seen in patients heterozygous for the p.R47H and p.R62H variants compared with the brains of patients without TREM2 risk variants 50 , and more severe plaque-associated neuritic dystrophy accompanied reduced microglial coverage in the brains of p.R47H patients with AD 48 . The effect of the p.R47H variant on microglial clustering around plaques was recapitulated in a mouse model of amyloidosis in which the mouse Trem2 gene was replaced with either the wildtype or p.R47H variant of human TREM2 51 . The role of TREM2 in the context of amyloid pathology has been further studied by manipulating TREM2 gene dosage in mouse models of amyloidosis. Fewer microglia surrounded plaques in animals lacking or haploinsufficient for TREM2 49, 52 , similar to what is seen in the brains of patients with AD carrying the p.R47H or p.R62H alleles, suggesting that the AD-associated variants are partial loss of function mutations. Plaque-associated neuritic dystrophy was also more severe 48, 49 and neuron loss was exaggerated in mice deficient for TREM2, in a gene-dose dependent manner 53 . The effects of TREM2 dosage on amyloid burden are more complex. Genetic ablation of TREM2 resulted in less severe plaque pathology at early stages of plaque deposition but in more severe plaque pathology at later stages 49, [52] [53] [54] . Elevating levels of TREM2 through the introduction of a human TREM2 transgene reduced pathology in amyloidbearing mice 55 . Specifically, amyloid burden was reduced and plaques were remodeled from a fibrillary type to a more compact and possibly less toxic form. Furthermore, microglial phagocytic activity was increased, the number of plaque-associated microglia was reduced, and cognitive function was rescued 55 .
The biochemical and cell biological effects of AD-associated variants in TREM2 have been studied extensively in vitro. AD-associated TREM2 variants do not significantly affect the folding, trafficking, or expression of TREM2 41,53,56,57 , but do impair ligand binding and uptake 7, 41, 53, [57] [58] [59] [60] [61] [62] . Although the endogenous ligands of TREM2 are not known, molecules that act as TREM2 ligands under experimental conditions-and that display reduced binding to ADassociated TREM2 variants-include anionic or zwitterionic lipids that may be exposed during neuronal and glial degeneration and associate with fibrillar amyloid-β 53 , ApoE 60,61 , and oligomeric amyloid-β 58 . Two theories have emerged to explain how the loss of TREM2 function might impair the microglial response to amyloid pathology and exacerbate disease: 1) TREM2 signaling is necessary to reprogram cells from a homeostatic to a neuroprotective disease-associated phenotype 50,63,64 , and 2) tonic TREM2 signaling is necessary to support microglial metabolism, and loss of TREM2 function severely impairs microglial fitness and capacity to respond to stressors 65 . In support of the first theory, plaque-associated microglia adopt a gene expression profile distinct from that of microglia in healthy brain (homeostatic microglia), characterized by increased expression of genes associated with lipid metabolism and phagocytosis 50, 63 . TREM2 is necessary for microglia to undergo this phenotypic switch 50, 63 . It has been suggested that the plaque-associated microglial phenotype may be neuroprotective, promoting phagocytosis of amyloid plaques and/or degenerating neurites 63 , and that microglia locked into a homeostatic state could be detrimental 64 . In support of the second theory, TREM2-deficient microglia have abundant autophagosomes, believed to indicate metabolic stress, and decreased expression of genes involved in biosynthesis and energy metabolism -a state very different from homeostatic microglia 65 . Notably, augmenting ATP levels with dietary cyclocreatine ameliorated the effects of TREM2 deficiency on the microglial response to plaques in amyloid-bearing mice, providing support for the hypothesis that metabolic deficits underlie the effects of TREM2 loss of function on at least some aspects of AD-related pathology 65 . The mechanisms through which TREM2 influences AD may be multiple and complex. It is possible that TREM2-mediated microglial activity might be both protective and damaging, depending on the stage of disease progression and the specific microglial activity (e.g., phagocytosis of potentially damaging material versus generation of potentially damaging cytokines). To date, only very few studies have examined the effects of TREM2 deficiency in the context of tauopathy and no consistent picture has yet emerged [66] [67] [68] . The availability of new animal models expressing disease-associated TREM2 variants and of induced pluripotent stem cells derived from patients with AD carrying TREM2 mutations should accelerate research aimed at better defining the role of TREM2 in the development and progression of AD.
TREM2 mutations cause PLOSL PLOSL, also known as Nasu-Hakola disease, is a very rare, autosomal recessive disease characterized by spontaneous bone fractures and early-onset dementia 4 . In Finland, it has an estimated prevalence of 1 to 2 per million people 69 . It has been diagnosed in over 100 cases in the Japanese population 69 and appears to be less common in other all other worldwide populations 70 with the first report from India just recently published 71 . It is a genetically heterogeneous syndrome caused by biallelic (homozygous or compound heterozygous) mutations in two genes-TREM2 or TYROBP 4 . The natural course of the disease can be divided into four stages: latent, osseous, early neurological, and late neurological 72 (appendix) . Several other mutations in the gene have been reported to cause PLOSL (appendix). In the first report linking TREM2 mutations with PLOSL, of the 39 patients studied, TYROBP mutations were identified in 31 (79%) patients and TREM2 mutations in the remaining 8 (21%) patients 4 . Note that 25 of these patients carried the same 5.3kb deletion encompassing exons 1-4 of TYROBP 4 suggesting that this is a founder mutation in the Finnish population and should be tested for specifically in Finnish patients. The genetic study of a Finnish family harbouring this TYROBP deletion revealed the co-occurrence of other variants in neurologically-associated genes, including a C9ORF72 expansion which was thought to be an incidental finding with no clinical expression (most likely due to the higher frequency of both genetic changes in this population), and a novel mutation in EPM2A, a gene implicated in progressive myoclonic epilepsy type 2 (Lafora disease), that was suggested to be responsible for the severe epilepsy seen in the corresponding case of this Finnish family 73 . AD pathology has also been studied in PLOSL patients. Amyloid-PET revealed extensive Aβ deposition in the grey matter of the inferior frontal and occipital lobes of an Italian patient carrying a TREM2 homozygous p.Q33X mutation 74 . Neuropsychological and functional nuclear imaging ( 99m Tc-ECD SPECT) tests in heterozygotes in a family carrying this same mutation showed deficits of visuospatial memory associated with hypoperfusion in the basal ganglia implying an overlap of pathogenic mechanisms between AD and PLOSL 75 . However, immunohistochemistry analyses of five brains of patients with PLOSL revealed no amyloid plaques or amyloid angiopathy, and only a small number of tau-tangle bearing neurons, mostly in the hippocampus, suggesting that TREM2 loss of function does not accelerate AD pathology 76 . Additionally, analyses of TYROBP genetic variability have also not shown associations with cognitive impairment in a Finnish cohort 77 or as the cause of dementia in Turkish patients 78 . The implication of TYROBP and TREM2 mutations in PLOSL led to the identification of the signaling pathway 4 responsible for this disease. The finding that these genes are both expressed in microglia and osteoclasts partially explained the peculiar tissue distribution of symptoms. However, it is still unclear why some patients (sometimes harbouring the same mutation) develop bone cysts and pathological fractures associated with dementia, while others present with FTD (for an overview of phenotype by mutations, see Supplementary Figure 3 ). It is tempting to speculate that genetic modifiers play a role in these disparate phenotypes, however achieving large enough sample sizes to identify them for variants that have such a low frequency in the population will be challenging. Despite this, it would be important to understand which factors influence these differences in presentation as these may be protective and potential targets for preventive or symptom management therapies.
TREM2 in frontotemporal dementia
Biallelic TREM2 mutations have also been described in 10 families diagnosed with FTD without the PLOSL bone phenotypes 79-86 (appendix) . Some of these variants were previously known to cause PLOSL, while others are newly identified causes of disease. There seems to be no correlation between the type of mutation and the associated phenotype since nonsense, splice site, and missense mutations have now been shown to cause both diseases 81 . For a discussion of the mechanisms involved in PLOSL and FTD caused by TREM2 mutations, see appendix. Dementia in the form of an early-onset personality change, resembling behavioural variant FTD, seems to be the most common feature of all the reported FTD cases with biallelic TREM2 mutations. A family history of consanguinity together with atypical features, such as seizures and corpus callosum atrophy, in a patient presenting with a behavioural FTD phenotype, should prompt the diagnostician to look for biallelic TREM2 mutations. This genetic cause should also be included in the differential diagnosis of young-onset dementia patients with seizures 81 . Novel heterozygous TREM2 variants in patients with suggestive clinical presentations should be critically assessed and not assumed to be disease causative. Only in the presence of informative co-segregation of the variant with disease in a family, or unbiased functional effects in cell biology assays resulting in meaningful phenotypes should such variants be considered as disease causing. Association of TREM2 heterozygous variants with risk for FTD is currently controversial with several contradictory results reported. The p.T96K variant was associated with FTD subtypes 87 and a substantial burden of TREM2 heterozygous variants was reported in patients with FTD when compared to healthy controls 10, 88 . The p.R47H variant was found to be associated with FTD risk in a North American cohort 89 but not in European cohorts 9, 29, 90 . Furthermore, a large meta-analysis of patients carrying p.R47H did not show a significant association with risk for FTD 33 . These findings point to a possible association of TREM2 with the risk of FTD at the gene level, but without any reliable associations at the variant level. These inconclusive results are likely due to the rarity of TREM2 variants and small cohort studies with not-well characterised cases.
TREM2 genetic variability in other neurodegenerative diseases
Given the role of TREM2 in microglial function and its involvement in three neurodegenerative disorders (AD, FTD, and PLOSL), it has been suggested that TREM2 could be part of a functional network involved in various neurodegenerative diseases 91 . Consequently, several studies have assessed the association of TREM2 variants with risk of developing non-AD neurodegenerative disease (appendix). In 2013, after the initial findings of the association between TREM2 and AD, an association of p.R47H with the risk of Parkinson's disease (PD) was reported 91 . However, in this study, the frequency of the variant in healthy controls was below what would be expected given known population frequencies. Since the p.R47H variant frequency varies across populations, it is imperative that, for this and other rare variants, association tests be performed only in sufficiently large and well-matched case-control groups 92 . In another study, a significant association between p.R47H and PD risk in a discovery cohort of North American patients diagnosed with PD and healthy controls was reported, but failed replication in that same study 89 The association of p.R47H with PD has subsequently failed independent replication in other association studies 33, 93 . This association was also tested in the Chinese population and no significant effect on risk was found, again, with no variant being identified in this population [94] [95] [96] [97] . Other studies have evaluated the impact of TREM2 variants in risk for amyotrophic lateral sclerosis 89, 98, 99 , Lewy body dementia 100 , posterior cortical atrophy 101 , Creutzfeldt-Jakob disease 9, 29, 90 , progressive supranuclear palsy 89 , ischemic stroke 89 , multiple system atrophy 95 , and essential tremor 102 , with conflicting results (appendix). This is, at least in part, because the TREM2 variants are rare and only small cohorts of patients have been analysed. Thus, the association of TREM2 with the risk for the development of neurodegenerative diseases beyond AD has not been robustly replicated so far. Future studies comprising larger cohorts of cases and controls will be required to clarify these potential associations.
Conclusions and future directions
Although the associations of TREM2 p.R47H and p.R62H variants with risk for AD are well established, more studies are required to validate the possible associations of other variants within the TREM2 gene, as well as those located within the broader TREM locus. The same is true for variants in other neurodegenerative diseases: thus far, studies have yielded contradictory results, with the burden of proof not being met. Large-scale studies, preferably including populations other than European-Americans, are necessary to more fully understand the impact of TREM2 variability on the genetic architecture of AD and other neurodegenerative disorders.
Additionally, further large-scale studies are needed to better understand the impact of TREM2 variants on clinical presentation, progression, and neuropathology. A limited number of studies thus far suggest that AD patients carrying p.R47H present with fairly typical AD symptoms, although earlier age of onset and shorter disease duration have been reported 21, 29 . In addition, reduced microglial clustering around plaques was seen at autopsy in p.R47H carriers 48, 50 . However, given the low frequency of TREM2 variants, it is difficult to assemble sufficiently large cohorts to establish robust genotype-phenotype correlations. Although sTREM2 has been found to be elevated in the CSF of patients with AD, compared with controls, it lacks discriminative power for diagnostic procedures 46 . However, CSF sTREM2 appears to exhibit a dynamic response during disease progression 43,44 , possibly reflecting microglial activity. If validated, sTREM2 could be a potential biomarker for disease progression, particularly the transition from preclinical AD to dementia. It is interesting to imagine the use of amyloid-β and tau biomarkers for the differential diagnosis of AD, and a panel of other biomarkers, including sTREM2, to characterise and stage the disease. Additional research is also needed into how TREM2 variants affect risk of AD and cause PLOSL and FTD. Evidence thus far suggests that TREM2 variants that result in (partial) loss of protein function may impair microglial response to stressors, such as amyloid accumulation in AD 65 . Evidence points towards TREM2 as a potential therapeutic target. In vivo TREM2 overexpression ameliorates neuropathological signatures of AD and the memory deficits associated with the disease 55 . Thus, activation of the TREM2 signaling pathway could offer a new therapeutic approach, for example, through the use of small molecules that mimic TREM2 ligands. It is also important to determine when, during the course of the disease, an intervention increasing TREM2 expression or activation might be most beneficial. The study of familial forms of AD can potentially be helpful for this goal, due to the predictability of the age of onset of symptoms. It will also be important to systematically characterize the effects of manipulating TREM2 levels, both centrally and peripherally. In order to fully understand the complex role of TREM2 in the risk of neurodegenerative diseases it is essential to systematically integrate the available data. To aggregate the existing TREM2 variant data and provide a platform into which new information can be synthesized, we have created a TREM2 open access resource on the Alzforum website (www.alzforum.org/mutations)-in which information on genetic associations with different phenotypes, pathogenicity, neuropathology, biological effects, and research models, are available for identified TREM2 variants. This resource currently contains information on 63 TREM2 variants and will be updated as new findings are published. A significant increase in the number of studies related to TREM2 in neurodegenerative diseases and the critical integration of these results will allow us to understand its role in neurodegenerative disorders, which will facilitate the development of new therapeutic interventions.
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TREM locus
TREM2 is located within a gene cluster on chromosome 6p21.1, near TREM1, TREML1, TREML2, TREML3P, TREML4, and NCR2. The genes in this cluster have significant homology and are mostly involved in immunological functions.
TREM2 expression
The triggering receptor expressed on myeloid cells 2 (TREM2) is a transmembrane receptor of the immunoglobulin superfamily expressed in cells of the myeloid lineage, including microglia and osteoclasts, that participates in modulation of the immune system 47, 103 . In the CNS the signal intensity levels of TREM2 transcripts are strongest in the basal ganglia, corpus callosum, medulla oblongata, and spinal cord 4 .
TREM2 ligands and signaling cascade TREM2 binds anionic ligands including bacterial lipopolysaccharides, DNA and phospholipids 53 . Ligand binding to TREM2 initiates a signaling cascade in which the TREM2-associated intracellular adaptor TYROPB (or DAP12) is phosphorylated. Phosphorylated TYROBP recruits the protein tyrosine kinase SYK, which in turn induces PI3K activation, followed by AKT activation, MAPK activation, Ca 2+ mobilization, and other downstream effects 47 . Activation of these pathways modulates cell proliferation and differentiation, survival, phagocytosis, chemotaxis, and inflammation 47103 . In certain contexts, TREM2 signaling can also be inhibitory, with a negative regulation of TLR-response found to be mediated by TREM2 in dendritic cells 104 .
TREM2 cleavage and soluble TREM2 TREM2, a type I membrane glycoprotein, can be subjected to sequential proteolytic processing. Cleavage by alpha secretases (ADAM10 and ADAM17) occurring after the H157 residue of the protein, results in ectodomain shedding, releasing soluble TREM2 into the extracellular space 105 . Gamma-secretase then cleaves teh remaining C-terminal portion 23, 24, 106 .
